The growth reduction observed in many plants caused by salinity is often associated with a decrease in their photosynthetic capacity. This effect could be associated with the partial stomatal closure and/or the non-stomatal limitation which involves the decrease in ribulose-1,5-bisphosphate carboxylase oxygenase (RUBISCO) activity. The objective of this study was to explore the mechanisms of inhibited photosynthesis in Arabidopsis thaliana (Pa-1 accession) under salt stress. Pa-1 seeds grown on a solid substrate for 25 days on standard medium were challenged with 50 mM NaCl for 15 days. Harvests were carried out every five days by separating the rosette leaves and roots. Salt stress reduced growth by limiting the number of the rosette leaves and not their biomass. Accumulation of Na + and Cl -increased during the treatment period, whereas K + and Ca 2+ accumulation were reduced in salt treatment. RUBISCO and phosphoenolpyruvate carboxylase (PEPC) activities were increased with the age of the leaves to a maximum after 10 days of treatment then later decreased. We concluded that the sensitivity of Pa-1 to salinity may be due to a reduction in number of leaves, in the photosynthetic assimilation with stomatal closure and damage of the RUBISCO and PEPC activities.
INTRODUCTION
Excessive soil salinity is an important constraint limiting the distribution of plants in natural habitats, and also an increasingly severe agricultural problem in arid and semiarid regions (Flowers, 2004) . Under salt stress, plants have evolved complex mechanisms allowing for adaptation to osmotic and ionic stress caused by high salinity. These mechanisms include osmotic adjustment by accumulation of compatible solutes (Bohnert et al., 1999; Yeo, 1998) and lowering the toxic concentration of ions in the cytoplasm by restriction of Na + influx or its sequestration into the vacuole and/or its extrusion (Binzel et al., 1988; Hajibagheri et al., 1987) . The ability of plants to tolerate salt is thus a multigenic trait and is generally acknowledged to be determined by multiple biochemical pathways, among which are those that facilitate water retention or acquisition, maintain ion homeostasis and protect various vital functions (Parida and Das, 2005) .
Overall, plant growth under salinity is significantly reduced due to the inhibition of leaf expansion and a decrease in photosynthesis (Lips, 1998) . The decrease in photosynthetic rate has been attributed mainly to stomatal closure (Kaiser, 1987) but could also be at least partially a consequence of feedback inhibition due to the increase of sucrose in source leaves (Poljakoff-Mayber and Lerner, 1994; Stitt, 1987) . In Arabidopsis thaliana, salt treatment results in various changes in the photo-synthetic apparatus, namely a loss of chlorophylls, and a decrease in the quantum yield of both darkadapted and excited photosystems (M'rah et al., 2006) . In herbaceous species such as spinach, the photosynthesis of salt-stressed plants is initially constrained by resistance to CO 2 diffusion (Delfine et al., 1998; . When leaf salt (Na) concentration is moderate, a remarkable increase of mesophyll resistance, coupled with an increase of sto-matal resistance, lowers the chloroplast CO 2 concentra-tion and limits photosynthesis. Photosynthesis limi-tation is partially reversible if salt accumulation inside the leaves is reduced by irrigation with salt-free water (Delfine et al., 1999 ). An irreversible impairment of the photo-synthetic apparatus, associated with a reduction of ribulose-1,5-bisposphate carboxylase/oxygenase (RUBISCO) activity and content, occurs when the stress is prolonged and salt continues to accumulate in the leaves (Delfine et al., 1999) .
A. thaliana has been widely adopted as a model species for plant functional genomics (Somerville and Koornneef, 2002) . It is a glycophytic species, which tolerates only mild salinity. It can accomplish its whole reproductive cycle in the presence of 50 mM NaCl, but with a clearly reduced growth rate and signs of cellular stress (Attia et al., 2008a) . Over 750 natural accessions of A. thaliana have been collected from around the world and are available from seed stock centres. Only few of them have been extensively studied. Among them is the Columbia (Col), the genome of which has been entirely sequenced (Arabidopsis Genome Initiative, 2000) .
In this work, we studied the response of A. thaliana (Pa-1 accession) to NaCl (50 mM) during vegetative growth (after 15 days of treatment). Rosette growth [dry matter (DM) production] and ion accumulation were measured, along with the number and surface area of leaves. Chlorophyll content, stomatal conductance, RUBISCO and phosphoenolpyruvate carboxylase (PEPC) activities and protein content were estimated in young and old leaves with the overall aim to explore the mechanisms of the inhibited photosynthesis in Pa-1 accession under salt stress.
MATERIALS AND METHODS

General culture conditions
Pa-1 seeds were purchased at Arabidopsis Biological Resource Centre (ABRC) (http://arabidopsis.org/) under reference N1438. The seedlings were irrigated with distilled water during the first 10 days, and then with a nutrient solution (Gay and Hauck, 1994) .s -1 PAR at the plant level was used. Day/night temperature and relative humidity regimes were 22°C/18°C and 60% / 80% respectively.
Growth and ion accumulation
At the age of 30 days (12 leaf stage), the nutritive solution was added with 50 mM NaCl. A control assay without salt addition was followed in parallel. Control and NaCl treated plants were harvested daily from day 0 (just prior to the time that salt treatment was applied) to 5, 10 and 15 days after the treatment began. Seven replicates per treatment were used for measuring the physiological parameters and three for the photosynthetic parameters.
Plant analysis
At each harvest, roots were gently surface dried and the leaves and root fresh weights were immediately determined. Then roots and all leaves of the rosette were photographed, and root elongation and the individual leaf surface areas were measured using the Optimas ® software. The samples were oven-dried for 48 h at 70°C and weighted. Ions were extracted from 25 mg samples of dried tissues with 0.5% HNO 3 for 48 h. K + , Na + and Ca 2+ were assayed by flame photometry (Jenway PFP7 butane-air flame) using butane-air flame for the two former ions and acetylene-air for the latter one and Cl -by coulometry (Butcher Cotlove).
Ribulose 1,5-biphosphate (RuBP) carboxylation and PEPC assays
The activities of ribulose-1,5-biphosphate carboxylase/ oxygenase (RUBISCO; EC 4.1.1.39) and PEPC (EC 4.1.1.31) were spectrophotometrically assayed according to Ouerghi et al. (2000) . Fresh leaf samples were ground in 100 mM Tris-bicine (pH 8.0) containing 1 mM ethylenediaminetetraacetic acid (EDTA), 5% glycerol (v/v), 5 mM MgCl 2 , 1% β-mercaptoethanol (v/v), 1 mM phenylmethylsulfonyl fluoride (PMSF) and 5% polyvinylpyrrolidone (PVP) (w/v of sample FM), and centrifuged at 12 000 g for 10 min at 4°C. RUBISCO activity was assayed in a reaction medium containing 100 mM Tris-bicine (pH 8.0), 10 mM MgCl 2 , 0.2 mM EDTA, 5 mM dithiothreitol (DTT), 40 mM NaHCO 3 , 4 mM ATP, 0.2 mM NADH, 0.2 mM ribulose 1,5-biphosphate (RuBP) and one enzyme unit of 3-phosphoglycerate kinase (PGK) and glyceralde-hydes 3-phosphate dehydrogenase (3-PGADH). The crude extract (5 ml) was added to the reaction medium, and the activity was monitored at 340 nm for 10 min. Enzyme activity was expressed as µmol min -1 g -1 (three replicates per treatment). PEPC was mea-sured in a crude root extract. PEPC reaction mixture contained 100 mM Tris-bicine (pH 8.0), 5 mM MgCl 2 , 1 mM DTT, 5 mM NaHCO 3 , 0.2 mM NADH, 4 mM PEP, and 5 enzyme units of malate dehydro-genase (MDH). The crude extract was added to the reaction medium then the activity was monitored at 340 nm for 15 min.
Chlorophyll content
The chlorophyll concentration was determined by spectro-photometry (Arnon, 1949) after repeated extraction of the pellet with 80% acetone at 4°C.
Extraction of leaf proteins
At the harvest, rosette leaves fresh weights were immediately measured, then half of the samples were oven-dried for 48 h at 70°C for dry weight (DW) determination and half were excised and blended in liquid N 2 , and the powder was resuspended in a 50 mM, pH 7.5 phosphate buffer containing 1 mM EDTA, 1 mM DTT, 5% glycerol and 5% polyvinylpyrrolidone, and centrifuged (15 000 g) at 4°C for 20 min. After extraction, leaf soluble protein content was deter- mined according to the method of Bradford (1976) using bovine serum albumin (BSA) as the standard. To minimize the variability, protein content were reported to the mass of dry matter.
Statistics
Statistical analysis was performed with Statistica TM software, using Two-way ANOVA and Newman-Keuls test for post-hoc mean comparison.
RESULTS
Effect of NaCl on growth parameters
NaCl caused a significant reduction for all of the considered growth parameters (Figures 1 and 2) . The reduction was greater after long term salinity treatment (15 days) and it was more pronounced for leaf area parameter. The reduction in this parameter exceeded 50% after 15 days of treatment (Figure 1 ). For the root elongation, it appeared that it was the less affected parameter in comparison with the others (Figure 1 ). The rosette DW also was affected by NaCl treatment, especially after 10 and 15 days of NaCl treatment
Inorganic ion concentrations
The presence of NaCl in the rooting medium induced an important increase in Na + and Cl -concentrations in the leaves (Figure 3 ). During the first five days of salt treatment, a 40-and 20-fold increase in Na + and Cl -concentration respectively, occurred in the leaf of the plants exposed to 50 mM NaCl. At the time of harvest, the mean K + concentration in leaves was decreased by 2% per day while that of Ca 
Chlorophyll content
In the control treatment, chlorophyll content was higher in young leaves than in older leaves (Figure 4) . The Chlorophyll content responses to salt were opposite in the young and older leaves. In young leaves, salt treatment did not modify chlorophyll a but induced a decrease of chlorophyll b and total especially at a long-term exposure to salt (15 days). In older leaves, the inhibition by salt concerned only chlorophyll a and chlorophyll b and the total was not affected. In both position leaves, chlorophyll a/b ratio did not depend on treatment generally.
Stomatal conductance
On the control medium, stomatal conductance was the same in both young and older leaves ( Figure 5 ) while in the presence of salt, this parameter decreased in the young leaves (20%) but not in the older leaves (5%).
Enzyme activity
The tolerance of RUBISCO capacity to 50 mM NaCl after 10 days of treatment was lower for younger leaves than for older leaves, as only 31 -67% of the control activity was measured in younger and older leaves, respectively ( Figure 6 ).
Also for PEPC capacity, the salt affected younger leaves more than the older leaves especially after 10 days of treatment. Only after five 5 days of treatment, did we observed a decrease in this activity of around 33% for oldest leaves.
Protein content
The leaf protein content increased with the time of treatment both for the control and salt treatment in young leaves (Figure 7) . For older leaves, protein content increased with NaCl in the medium only during the first five days of salt treatment. Two weeks after the beginning of the treatment, the protein content in rosette leaves of Pa-1 was 63.2 mg g -1 DW and 47.4 mg.g -1 DW for the control, and 96.8 mg g -1 DW and 61.8 mg.g -1 DW for salt treatment (50 mM NaCl) in young and old leaves, respectively (Figure 7 ). This suggests a regulatory mechanism by biosynthesis of stress proteins.
DISCUSSION
The accumulation of Na + and Cl -in leaves of glycophytes is known to impose various stressors on the cells which alter their functional state, resulting in physiological stress (Gaspar et al., 2002) . When severe, these have several detrimental effects, corresponding to direct or indirect salt toxicity. The reduction in leaf development that accompanied salt treatment in this study presented three characteristics. First, it was observed during the first five days of salt treatment for Pa-1. Second, its importance regularly increased with times of treatment (Figures 1 and  2) . Finally, it affected leaf area surface more than leaf number (Figure 1) .
The NaCl concentration used here (50 mM) induced distinct growth inhibition without classical symptoms of excessive Na + and Cl -accumulation in leaf tissues, such as extensive leaf dehydration, leaf necrosis, and plant death (Munns, 2002) . The Na + and Cl -accumulation significantly increased, and they were associated with a pronounced inhibition of dry matter production (Figure 2 ). The observation that there were no toxic effects in Pa-1 plants in salt conditions is in line with a general agreement that direct Na + and Cl -toxicity is not the main cause of salt-induced growth reduction (Hu et al., 2005) . Under saline conditions, the K + concentration in many glycolphytes is severely reduced (Greenway and Munns, 1980) . This was the case for A. thaliana, although K + concentration varied slightly among accessions for the same salinity treatment (Attia el al., 2008b) . The highest decrease of K + took place in old leaves (data not shown). This suggests that Pa-1 accession is able to maintain relatively high K + levels in younger leaves, and this may act as the major monovalent cationic osmoticum in the presence of external salt. This mechanism may include the increase of K + translocation from old to young leaves (Marschner, 1995) .
Growth is also affected by salt-induced damage in the mesophyll. Particularly, in the chloroplasts, an accumulation of starch might result from a reduced activity of the enzymes involved in its degradation (Salama et al., 1994) and/or an alteration of companion cells, involved in assi-milated collection in minor veins (Boughanmi et al., 2003) .
The damage of thylakoids and grana is thought to be the consequence of salt-induced oxidative stress (Mitsuya et al., 2000) . This alteration of membranes may expose chlorophyll molecules to peroxidation (Cakmak, 1994) . In Pa-1, this damage and the decrease in chlo-rophyll content (a, b and total) concerns both senescing and younger leaves. The decrease in chlorophyll content at higher salinity levels might be possibly due to changes in the lipid protein ratio of pigment-protein complexes or increased chlorophyllase activity (Iyengar and Reddy, 1996) . Our result are in agreement with several reports of decreased content of chlorophyll by salinity as reported in a number of glycophytes (Agaistian et al., 2000) and in certain halophytes such as Suaeda salsa (Congming et al., 2002) and Aegiceras corniculatum (Parida et al., 2004) . A similar positive effect of NaCl salinity on the chlorophyll synthesis has been reported in Halopeplis ferfoliata and Excoecaria agallocha (Al-Zahrani and Hajar, 1998) .
Since the duration of the salt treatment was rather long (15 days), these behaviours may be attributed to the balance of detrimental salt effects and biochemical protective mechanisms. Just after 10 days at 50 mM NaCl, the photosynthetic parameters were suppressed in A. thaliana (Pa-1 accession) leaves especially in young leaves, which could be explained by dramatic shrinkage of the RUBISCO and PEPC pools. In the same conditions of treatment, stomatal conductance was also affected after 15 days at NaCl 50 mM.
Phosphoenolpyruvate carboxylase activity in leaves was inhibited by salt at the first harvest for the oldest leaves ( Figure 6 ). The induction of PEPC under saline treatment was reported in leaves of CAM plants (Yen et al., 1995) . Guerrier (1988) also proposed that the levels of PEPC activity could be used as biochemical indicator of salt tolerance. It has been suggested that PEPC may be involved in the active regulation of the turgescence/ osmocontraction of cells of the inner cortex, which is one of the proposed mechanism of the CO 2 diffusion barrier (Drevon et al., 1998) . In this light, the boosted PEPC activity in the tolerant cultivar could improve regulation of CO 2 diffusion. The role of PEPC in stomatal opening was also confirmed in epidermal strips of C3 plants using a PEPC inhibitor (Parvathi and Raghavendra, 1997; Asai et al., 2000) . At the whole leaf level, the use of antisense and overexpression of PEPC in Solanum tuberosum also suggested that malate accumulation is involved in stomatal function (Gehlen et al., 1996) . This showed that rates of stomatal opening increased in plants over expressing PEPC and decreased in plants with reduced levels of PEPC. However, low PEPC levels had no effect on steady-state stomatal conductance and overexpression of PEPC had only a marginal effect (Gehlen et al., 1996) .
Photosynthesis parameters such as stomatal conduc- tance and RUBISCO and PEPC activities were inhibited by salt stress, but to a variable extent in young and old leaves and with the time of treatment. In general, the highest inhibition of RUBISCO and PEPC was observed for younger leaves after 10 days of salt treatment (Figure 6 ). The NaCl application had a negative effect on the stomatal conductance. Although there can be strong correlations between increases in leaf ion concentrations and reductions in photosynthesis or stomatal conductance, there is yet no unequivocal evidence for causal relationships. Correlations can disappear when considering different leaves, or different salinities (Rawson et al., 1988) . Experiments using different genotypes differing in rates of Na + or Cl -accumulation may be able to distinguish between the effects of salt in the leaf, and salt in the soil. Alternatively, stress-relief experiments can show whether the salt in the leaf is causing the decrease in stomatal conductance or photosynthesis, as leaching the soil will quickly restore the water relations of the plant but not affecting salt levels in leaves. Reduced leaf expansion and stomatal conductance at high salinity as observed in our experiment are indicators that salinity has resulted in water deficit (Greenway and Munns, 1980) . It has been reported that salt accumulates prevalently in old leaves that are eventually dropped (Bongi and Loreto, 1989) . This would allow young leaves to be relatively unaffected by salt and to efficiently photosynthesize, and this is similar to a mechanism of salt exclusion (Munns, 1993) . In our experiment, a high salt accumulation was evident in old Pa-1 leaves (data not shown), but stomatal conductance were inhibited only in young old leaves ( Figure 6 ). Martínez-Ballesta et al. (2004) showed that stomatal conductance decline with time for the NaCl treatment in pepper plants, which may reflect reported decreases of stomatal conductance with plant age (Mencuccini and Grace, 1996) . It has been proposed that the reduction of leaf gas exchange in response to salinity is due to an increase in leaf Na + concentration (García-Legaz et al., 1993; Walker et al., 1993) . However, other authors associated reductions in photosynthetic capacity and stomatal conductance with high concentrations of Cl - (Bañuls et al., 1997; García-Sanchez et al., 2002) . In our plants, an effect of both Na + and Cl − could have occurred, since there were reductions in NaCl treatment.
The decline of the stomatal conductance of younger leaves at 50 mM NaCl could be one of the causes of the responses of the plant water status, which was not measured, or a reaction to chemical messages from the roots to the decreased osmotic potential of the nutrient solution (Neuman and Smit, 1991) . Stomatal conductance may also be lowered due to the antagonistic effect of Na on K, as K is required for stomatal opening and closing (Ahmad and Jabeen, 2005) .
Salt stress can restrict photosynthesis by decreasing green pigments (Sudhir and Murthy, 2004) , suppressing RUBISCO activity (Soussi et al., 1998) and reducing stomatal conductance, thus affecting internal CO 2 availability (Bethkey and Drew, 1992) . Hence, the reduction of photosynthesis may, atleast in part, be a direct effect of Na + and Cl -ions, as observed in sorghum (Netondo et al., 2004) and orange (López-Climent et al., 2008) plants.
Conclusion
This study showed that after 15 days of salt treatment, plants of A. thaliana Pa-1 accession, showed disruption of growth namely a decrease in the biomass of rosette leaves. The reduced growth was accompanied by disruption of mineral nutrition. However, among these effects, two seem to have more effect on plant growth. The Zorrig et al. 4601 first is related to the accumulation of extra-vascular Na + in rosette leaves, and the second is related to potassium nutrition, which may be a factor limiting growth. Under salt stress, Pa-1 accession shows a decline in biomass, probably due to deactivation of RUBISCO and stomatal closure. Indeed, our results showed that salinity (NaCl, 50 mM) significantly reduced the stomatal conductance response to the decreasing availability of water in the medium. The treated plants also showed a reduction of PEPC activity in their leaves.
